PC2 and furin are two recently identified members of a class of mammalian proteins homologous to the yeast precursor processing protease kex2 and the bacterial subtilisins. We have used the polymerase chain reaction to identify and clone a cDNA (PC3) from the mouse AtT20 anterior pituitary cell line that represents an additional member of this growing family of mammalian proteases. PC3 encodes a 753-residue protein that begins with a signal peptide and contains a 292-residue domain closely related to the catalytic modules of PC2, furin, and kex2. Within this region 58%, 65%, and 50% of the amino acids of PC3 are identical to those of the aligned PC2, furin, and kex2 sequences, respectively, and the catalytically important Asp, His, and Ser residues are all conserved. On Northern blots, PC3 hybridizes to two transcripts of 3 and 5 kilobases. Tissue distribution studies indicate that both PC2 and PC3 are expressed in a variety of neuroendocrine tissues, including pancreatic islets and brain, but are not expressed in liver, kidney, skeletal muscle, and spleen. The high degree of similarity of PC3, PC2, and furin suggests that they are all members of a superfamily of mammalian proteases that are involved in the processing of prohormones and/or other protein precursors. In contrast to furin, PC3, like PC2, lacks a hydrophobic transmembrane anchor, but it has a potential C-terminal amphipathic helical segment similar to the putative membrane anchor of carboxypeptidase H. These and other differences suggest that these proteins carry out compartmentalized proteolysis within cells, such as processing within regulated versus constitutive secretory pathways.
A large number of peptide hormones, neuropeptides, and other biologically important peptides and proteins are synthesized as larger precursors which require limited proteolysis to liberate their active forms (1) (2) (3) (4) (5) (6) . In many cases this activation is initiated by endoproteolytic cleavage at paired basic residues within the precursor. The conversion of proinsulin to insulin, for example, begins in the early secretory granules, where cleavage at Lys-Arg and Arg-Arg residues releases the connecting peptide after it has functioned to promote the correct folding of the hormone during the initial phases of its synthesis (7) . Similarly, precursors such as proopiomelanocortin (POMC) that contain several distinct biologically active peptides may undergo tissue-specific cleavage at selected dibasic and/or monobasic processing sites, giving rise to mixtures of different peptides from the same precursor.
Although widespread in mammals, this mechanism of proteolytic processing is not limited to higher eukaryotes. In the yeast Saccharomyces cerevisiae the a mating factor is translated in tandem copies which must first be cleaved at Lys-Arg residues to be released (8, 9) , while maturation of pro-killer factor requires cleavage at both Lys-Arg and ArgArg residues (10, 11) . The endoprotease involved in this processing has been mapped to the KEX2 locus (12) and subsequent characterization has identified the encoded protein to be a Ca2l-dependent serine protease related to the bacterial subtilisins (13) (14) (15) . kex2 has also been found to be capable of processing proinsulin expressed in yeast (16) as well as processing POMC when transfected into POMCsecreting cells (17) .
We have recently identified a cDNA that encodes a protein structurally related to the yeast processing protease kex2 from a human insulinoma and have called it PC2 (18) . In addition, the human FUR gene, which was identified by its proximity to the fes/fps protooncogene (19) , has also been shown to encode a protein (furin) which is also related to PC2 and the kex2/subtilisin family of proteases (18, 20, 21) . We have now used the polymerase chain reaction (PCR) to identify and clone a third member of this growing family, which we have designated PC3, and we present here its nucleotide sequencet and data on its tissue distribution. tThe sequence reported in this paper has been deposited in the GenBank data base (accession no. M58507).
MATERIALS AND METHODS
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Anchored PCR was carried out as described above except using oligonucleotides T3 and DR as primers (Table 1) (23, 24) .
Other Methods. The entire DNA was sequenced in both directions by the dideoxy chain termination method, using the Sequenase kit (United States Biochemical). Protein structural predictions were done by using the MacVector software (International Biotechnologies). PCR labeled probes were prepared as described previously (18) . All other methods were as described (23, 24) .
RESULTS
Identification and Cloning of PC3. To identify new mammalian members of the kex2/subtilisin-like family of proteases we designed degenerate PCR primers that were complementary to stretches of amino acid sequences highly conserved among PC2, furin, and kex2. Alignment of these proteins indicated that the closely related catalytic domains contained the most useful sequences for this purpose. These included one region adjacent to the active site histidine and a second C-terminal to the catalytically important serine (see Materials and Methods) . After PCR amplification of cDNA prepared from rat pancreatic islet total RNA, the expected 600-base-pair (bp) products were subcloned in pBluescript and individual plasmid DNAs were probed on Southern blots with PC2. Of 12 DNAs analyzed only 1 did not hybridize with the PC2 probe. Analysis of the sequence of this clone (pPCR3) revealed that while the predicted amino acid sequence was highly similar to the corresponding regions of PC2, kex2, and furin-including the presence of a putative serine active site region-it was nevertheless distinct from these previously characterized proteases. This newly identified clone was designated PC3.
Since preliminary Northern blot analysis indicated that PC3 was present in relatively high levels in the mouse AtT20 pituitary cell line (see Fig. 3 ), a cDNA library was prepared from these cells to isolate a full-length cDNA clone. Three clones were identified upon screening 150,000 plaques with pPCR3, and one of these had an insert of 2.4 kilobase (kb) pairs). Comparison of the deduced amino acid sequence of this clone with the sequences of PC2, furin, and kex2 indicated that it was missing approximately 40-45 residues at its N terminus, including an initiator methionine (ATG). To isolate the remainder of this cDNA, anchored PCR was carried out with oligonucleotide primers complementary to PC3 (DR) and the bacteriophage T3 RNA polymerase promoter sequence within the Lambda ZAP vector (T3). This resulted in the isolation ofa 700-bp DNA which contained the missing 126 bp of coding sequence as well as 186 bp of 5' untranslated cDNA, bringing the total size of the cloned cDNA to 2615 bp.
The complete sequence of the PC3 cDNA is shown in Fig.  1 . It contains an open reading frame of 2259 bp and is predicted to encode a protein of 753 amino acids which contains a signal peptide, a catalytic domain similar to the domains of PC2, furin, and kex2, and two potential sites for N-glycosylation, Asn-401 and Asn-645. In vitro translation of PC3 in the cell-free reticulocyte system gave a band of the predicted size of 84 kDa (not shown). While this manuscript was in preparation a cDNA partial sequence corresponding to nucleotides 826-1621 of PC3 was reported (25) .
Comparison ofPC3, PC2, Furin, and kex2. Alignment ofthe amino acid sequences ofPC3, PC2, furin, and kex2 illustrates the similarity among these proteins (Fig. 2) . Each begins with a signal peptide followed by a subtilisin-like catalytic domain. Within this 292-residue active site region PC3 shows 58%, 65%, and 50%o amino acid sequence identity with PC2, furin, and kex2, respectively. While in all of these comparisons the catalytically important Asp, His, and Ser residues align exactly, it should be noted that PC3, like furin and kex2, has an Asn residue at a position (Asn-309) that has been found to be both highly conserved and catalytically important in the subtilisins (26, 27) . In contrast, PC2 has an Asp residue at the analogous position (Asp-310). While such a substitution has been shown to reduce the catalytic efficiency in the subtilisins (26) , the presence of this Asp in PC2 may serve to restrict its activity to acidic environments (see Discussion).
While the greatest similarity among all these proteins occurs within the catalytic module, they are also related throughout most of their amino acid sequences. Of the first 598 amino acids of PC3, 82%, 81%, and 74% are either identical or similar to PC2, furin, or kex2, respectively. Beyond this point, which marks the end of PC2, the sequences of these proteins diverge; furin contains a Cys-rich GAA TGG GCG GCG GAG ATC CCC GGA GGG CAA GAA GCT GCC TCT GCC ATC GCC GAA GAA CTG GGG TAT GAC CTT TTG GGT CAG ATT GGA TCA CTT GAA AAT CAC TAT TTA TTC AAA CAC AAA 405  80 region similar to those found in the receptors for insulin, insulin-like growth factor, and epidermal growth factor, while kex2 contains a Ser/Thr-rich domain believed to be the site of 0-glycosylation. Although both furin and kex2 contain membrane-spanning domains, neither PC3 nor PC2 possesses such regions. However, both of these proteins contain potential C-terminal amphipathic a-helical segments extending from Glu-621 to Ile-634 in PC2, and Asp-739 to Glu-751 in PC3 (Fig. 2) , which may function as membrane anchors as recently proposed for carboxypeptidase H (28) .
Expression of PC2 and PC3 mRNA Is Restricted to Neural and Endocrine Cells. To determine the tissue distribution of PC2 and PC3, we carried out Northern blot analysis of total RNA isolated from a variety oftissues and cultured cell lines. As shown in Fig. 3 , both PC2 and PC3 mRNAs are readily detectable in rat pancreatic islets and brain, mouse (, 3TC3) and human insulinomas, and the mouse AtT20 pituitary cell line. However, PC2 and PC3 transcripts were not detectable in liver, kidney, heart, intestine, skeletal muscle, or spleen. Interestingly, in tissues where they are expressed, the levels of PC2 and PC3 transcripts appear inversely related; where PC2 mRNA levels are high-such as in brain, islets, and the insulinomas-PC3 levels are low. Conversely, in the AtT20 cell line, PC3 mRNA levels are high and PC2 levels are low. The possible significance of this relationship is discussed below.
The Northern blots indicate that PC2 and PC3 hybridize to two mRNAs in virtually all tissues tested; PC3 hybridizes to 3-and 5-kb transcripts (Fig. 3B) , whereas PC2 hybridizes to 2.8-and 5-kb transcripts (Fig. 3A) as reported previously (18) . These larger transcripts are also apparent when AtT20 or human insulinoma poly(A)+ RNA is probed with PC3 (not shown) or PC2 (18) , respectively, and thus cannot be due to nonspecific hybridization of the probes to 28S ribosomal RNA (Fig. 3) . Moreover, when Northern blots ofAtT20 RNA were hybridized with probes specific for the N-terminal, C-terminal, or catalytic domains of PC3, both the 3-and 5-kb transcripts hybridized with each probe (not shown), suggesting that both are derived from the same gene. The molecular basis for this size difference is unknown but may be due to differences in the length of the 3' untranslated region of the transcripts. Divergence in the 3' untranslated region has been observed for a number of mRNAs in both normal (29) and tumor (30) cells and has been shown to be capable of influencing both the efficiency of translation (31) and the stability of the mRNA (32) . On the other hand, the larger transcripts might represent alternatively spliced mRNA, which may include forms containing a transmembrane domain.
DISCUSSION
We have used PCR to identify a cDNA (PC3) from mouse AtT20 anterior pituitary cells that represents another member of a growing class of mammalian subtilisin-like proteases that appear to represent cellular precursor processing enzymes. PC3 is a 753-residue protein that begins with a signal peptide and contains a 292-residue domain homologous to the catalytic modules of both kex2 and the bacterial subtilisins, as well as to the recently identified human gene products PC2 (18) and furin (20, 21) . Within this region 84-88% ofthe amino acids of PC3 are either identical or similar to those of the aligned PC2, furin, and kex2 sequences. In addition, the similarities among these four proteins extend over the majority of their sequences where, within the first 598 amino acids, the percent of identical and conserved residues ranges from 74% to 82% for any pair of these proteins.
Tissue distribution studies show that expression of PC2 and PC3 is apparently restricted to neural and endocrine cell types, including pancreatic islets, brain, insulinoma, and AtT20 cells. This limited pattern of expression, as well as the structural similarity of PC2 and PC3 to the yeast precursor processing protease kex2, supports the notion that these proteases are involved in the maturation of prohormone precursors and other proproteins secreted via the regulated secretory pathway. In support of this, preliminary results of light and electron microscopic immunocytochemical staining of pancreas sections, using antibodies developed against synthetic peptides derived from the PC2 sequence, indicates that PC2 is localized to the secretory granules of the 13-cells within the islets of Langerhans but is not present in the exocrine pancreas (S.P.S., H. Swift, T. Montag, and D.F.S., unpublished results). In addition, while tissues expressing PC2 also express PC3 (and vice versa) their relative levels of expression vary in different neuroendocrine tissues (Fig. 3) . This raises the interesting possibility that differences in the relative expression of PC2 and PC3, or of other enzymes related to them, may account for tissue-specific differences in the pattern of processing of the same precursor, such as POMC in the anterior versus the intermediate lobes of the pituitary (33) . In contrast, while furin is also related to kex2, the finding that it is expressed in a wide range of tissues, including liver (34) , suggests that it may act mainly in the trans Golgi on proteins secreted via unregulated or constitutive pathways. Such processing might include important early cleavages in precursors such as the egg-laying hormone of Aplysia (35) , proalbumin, and related hepatic precursors (40, 41) , as well as the processing of a diverse group of membrane glycoproteins such as the insulin proreceptor (36), human immunodeficiency virus gpl60, and influenza hemagglutinin (37) .
The hydrophobic transmembrane segments of furin and kex2 indicate that they are membrane-bound proteins. Indeed, recent studies have indicated that kex2 requires its transmembrane and cytosolic domains for optimal function (14, 38) . Although the available data indicate that PC2 and PC3 lack a hydrophobic membrane-spanning segment, they may be associated with the membrane by other mechanisms. For example, Fricker et al. (28) have recently identified a membrane anchoring region within the highly charged C-terminal segment of the secretory granule processing enzyme carboxypeptidase H. This region is predicted to form an amphipathic helix which may interact in a pH-dependent manner with the secretory granule membrane (28) . Structural predictions of PC2 and PC3 reveal that both proteins also contain potential C-terminal amphipathic a-helical regions (Fig. 2) (39) have recently described two Ca2W-dependent processing activities from transplantable rat insulinoma secretion granules that are both required for proper endoproteolytic processing of proinsulin. Designated types I and II, these enzymes have in vitro selectivity for the Arg-Arg and Lys-Arg cleavage sites of proinsulin, and they have maximal activities at 1.0 mM and 0.1 mM Ca2+, respectively. In addition, while both proteases have maximal activity at acidic pH values, the type II enzyme is active over a broader pH range, whereas the type I protease exhibits a narrow maximum at pH 5.5 . In this regard it is of interest to note that while PC3, furin, and kex2 contain conserved Asn residues at positions 309, 295, and 314, respectively (Fig. 2) , PC2 contains an Asp at the analogous position (Asp-310). Studies with the subtilisins have shown that in addition to the Asp, His, and Ser residues of the catalytic triad, this Asn residue also plays an important role in the catalytic mechanism (26, 27 
